Resolution of hepatitis B virus (HBV) infection was believed to be attributed to the cytotoxic T cell-mediated killing of infected hepatocytes. However, studies in HBV transgenic mice and HBV-infected chimpanzees revealed that T cell control of HBV replication also involves cytokine-mediated noncytolytic mechanisms. The relative role of cytolytic and noncytolytic functions of virus-specific CD8 + T cells during interaction with HBV-producing hepatocytes is not well understood. By using HLA-A2 matched effector cells (CD8 + T cell line or clone) and target cells supporting full HBV replication, we demonstrate that virusspecific CD8 + T cells can inhibit HBV replication in HBV-producing hepatocytes with minimal cell lysis. Although CD8 + T cells kill a fraction of infected cells, this effect is minimal, and most of the viral inhibition is mediated by noncytolytic mechanisms. CD8 + T cells produce an array of cytokines, among which IFN-g and TNF-a are responsible for HBV inactivation in the target cells. Blockade of IFN-g and TNF-a abrogated the noncytolytic inhibition of HBV, indicating that these two cytokines mediate the control of HBV by noncytolytic mechanisms. Furthermore, treatment of the HBV-producing hepatocytes with rIFN-g and rTNFa resulted in an efficient suppression of viral replication without cytotoxicity. In contrast, coculture of the same target cells with activated HLA-mismatched mitogen-activated lymphomononuclear cells caused a marked cytolytic effect and was less effective in HBV control. These results provide direct evidence that virus-specific CD8 + T cells efficiently control HBV replication by noncytolytic mechanisms, and this effect is mediated by IFN-g and TNF-a. The Journal of Immunology, 2010, 184: 287-295.
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H epatitis B virus (HBV) is a hepatotropic, noncytopathic
virus that can cause hepatitis, cirrhosis, and hepatocellular carcinoma. Approximately 350 million people worldwide are chronically infected with HBV with various levels of viral replication (1) (2) (3) . It is now established that the host immune response plays a major role in the outcome of HBV infection (4) (5) (6) (7) . During acute HBV infection, the development of a strong cellular immune response, directed to multiple viral Ags, is associated with the resolution of HBV infection and life-long antiviral immunity. In contrast, the presence of a weak and narrowly focused cellular immune response is unable to control HBV replication, leading to viral persistence and progressive liver injury. HBV-specific CD8 + T cells are believed to play a critical role in the control of HBV replication but are also implicated in the pathogenesis of the disease by destruction of infected liver cells (1, 3, 8, 9) . This Ag-specific killing of infected hepatocytes was initially believed to be the main mechanism by which CD8 + T cells control HBV infection. However, this concept was challenged by a series of studies in HBV transgenic mice (10, 11) and HBV-infected chimpanzees (12, 13) , which revealed the mechanism of noncytolytic inhibition of HBV replication, i.e., that HBVspecific CD8 + T cells could inhibit HBV replication without lysis of infected hepatocytes. Upon activation, these immune cells were shown to produce cytokines, such as IFN-g and TNF-a, which suppressed HBV gene expression and replication without destroying the infected hepatocytes. This key antiviral mechanism of noncytolytic HBV control, mediated by CD8 + T cells, has not been fully examined using human effector and target cells; in particular, the relative involvement of the two processes, a direct killing of HBV-infected cells and the intracellular HBV inactivation without cell lysis, is not well understood. In this study, we established an in vitro coculture model to determine the relative contribution and balance between the cytolytic and noncytolytic effector functions that HBV-specific CD8 + T cells use to control HBV replication.
Materials and Methods

Culture of 2.2.15 cells
The human hepatoma cell line 2.2.15, derived from HepG2 cells, is stably transfected with HBV DNA and supports full HBV replication with production and secretion of viral Ags and infectious virions (14) . In a preliminary experiment, we confirmed that 2.2.15 cells are HLA-A2 positive and, therefore, can express A2-restricted HBV peptides within MHC class I. For this purpose, 2.2.15 cells were stained with FITC-labeled Ab to A2 (Serotec, Oxford, U.K.) and analyzed by FACSort using Cell Quest software (BD Biosciences, Oxford, U.K.). For cell culture, 2.2.15 cells were seeded in 24-well tissue culture plates and grown for 3 d to reach confluency under positive selection with 0.4 mg/ml Geneticin (Invitrogen, Paisley, U.K.) in DMEM (Invitrogen) containing 10% FCS (Invitrogen), 500 U/ml penicillin, 500 mg/ml streptomycin (Invitrogen), and 2 mM Lglutamine (Invitrogen). (15) . Therefore, CD8 + T cell line and a clone specific for HBV core 18-27 epitope (HBc [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] ) were generated and used in the current study. PBMCs cultured at 3 3 10 5 /well in supplemented RPMI 1640/10% human AB serum, were stimulated with 10 mg/ml synthetic HBc [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] (FLPSDFFPSV) (Cambridge Research Biochemicals, Cleveland, U.K). rIL-2 (R&D Systems, Abingdon, U.K.) was added at 30 U/ml on days 3 and 6 of culture. After 10 d of stimulation, the specificity of the lines was ascertained by using a specific 18-27 tetramer that allowed enumeration of the number of epitope-specific CD8 + T cells. The cells were stained with core 18-27 HLA class I pentamer (Proimmune, Oxford, U.K.) and PerCP-conjugated anti-CD8 Ab (BD Biosciences). The ability of these T cells to produce IFN-g in response to the core 18-27 peptide and when cultured with 2.2.15 cells was determined by IFN-g intracellular cytokine staining (ICS), as described below. Then CD8 + T cells were subjected to a second round of peptide stimulation and cultured as described above for an additional 10 d. Then the cells were seeded in 96-well plates at 1, 10, 50, and 100 cells/well and stimulated every 2 wk with 1 mg/ml PHA (Sigma-Aldrich, Dorset, U. K.), 30 U/ml IL-2, 10 ng/ml IL-15, and 1 3 10 5 /ml allogenic-irradiated PBMCs used as feeder cells. Each well was tested every 2 wk for expansion by ICS, and a cell line with 65% specificity was developed. An HBc 18-27 -specific CD8 + T cell clone that also recognized core 18-27 epitope was also used in this study (16) . The cloned CD8 + T cells were maintained by weekly stimulation with irradiated PBMCs plus PHA (Sigma-Aldrich) in the presence of IL-2, -7, and -15. The clone was also tested for degranulation, as described below.
Flow cytometry
For ICS, 1 3 10 6 CD8 + T cells were incubated with HBc 18-27 peptide or mixed with 2.2.15 cells for 6 h at 37˚C with 10 mg/ml brefeldin A (SigmaAldrich). The cells were stained with Cy-chrome-conjugated anti-CD8 Ab (BD Biosciences) for 20 min at 4˚C. Subsequently, the cells were permeabilized and fixed with Cytofix/Cytoperm (BD Biosciences) for 20 min at 4˚C, stained with FITC-anti-human IFN-g (BD Biosciences), and then analyzed by flow cytometry. The frequency of CD8 + T cells specific for HBc [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] peptide was also determined. The CD8 + T cell line was stained with core [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] HLA class I tetramer (Proimmune) and PerCP-conjugated anti-CD8 Ab (BD Biosciences). CD8 + T cell clone was stained with APCcore [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] HLA class I pentamer (Proimmune) and APC-Cy7-conjugated anti-CD8 Ab (BD Biosciences). For the degranulation, CD8 + T cell clone was cultured for 5 h with PMA/ionomycin and HBc [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] peptide in the presence of CD107a PECy5 (BD Biosciences). Following incubation, the cells were washed and stained with PerCP-conjugated anti-CD8 Ab (BD Biosciences).
Coculture of HBV-specific CD8 + T cells and 2.2.15 cells
The CD8 + T cell line or the T cell clone (effectors cells) were added to the confluent 2.2.15 cells (target cells). Two different systems of cell-to-cell interactions were investigated in parallel: direct effector/target contact, whereby the CD8 + T cells were stimulated by recognizing the viral peptides expressed on the surface of 2.2.15 cells, and indirect effector/target contact, whereby the effector and target cells were separated by a 0.4-mm membrane (Marathon, London, U.K.), which allowed the passage of soluble factors only. In this second system, CD8 + T cells were stimulated by coculture with the corresponding HBc 18-27 peptide at 1 mM (Fig. 1) . EBV-transformed B cells were used as APCs in the insert and were added to the CD8 + T cells at a 1:1 ratio. The CD8 + T cells and 2.2.15 cells were cocultured for 3, 24, or 48 h using E:T ratios of 1:300, 1:60, and 1:6. As controls, 2.2.15 cells were cultured alone, and CD8 + T cells were cultured in the insert but without HBV peptide. At the end of the experiments, the target cells and the corresponding culture supernatants were harvested for measurement of the cytokine levels, cytotoxicity, and HBV DNA quantitation.
Neutralization of IFN-g or TNF-a
Anti-IFN-g and anti-TNF-a neutralizing mAbs (R&D Systems) were added individually or in combination to the direct or indirect cocultures at a 1:6 ratio. A neutralization dose of 36 or 0.9 mg/ml was used, respectively, according to the manufacturer's guidelines. After 24 or 48 h, the cells and the supernatants were collected for HBV DNA quantitation. The complete neutralization of the cytokines in the supernatants after adding the respective Abs was confirmed by cytokine bead arrays (BD Biosciences).
Cytokine production
The levels of IFN-g, TNF-a, IL-10, -6, -8, -2, and -5, and FasL in the coculture supernatants of effector and target cells were assessed by commercially available ELISA assays (R&D Systems) and cytokine bead array.
Cytotoxicity of target cells
The cytotoxicity of the target 2.2.15 cells was assessed by measuring the lactate dehydrogenase (LDH) release in the supernatants at the end of each incubation period using a commercially available enzyme immunoassay (Roche Diagnostics, Bell Lane, U.K.). The results were expressed as a percentage of cytotoxicity, according to the manufacturer's instructions. In summary, the percentage of cytotoxicity was measured by including several controls in the assay: a low-level LDH control, represented by the 2.2.15 cells cultured alone; a high-level LDH control, represented by 2.2.15 cells treated with Triton X-100 to lyse the cells and induce maximum LDH release; and culture medium alone used as a background control, which was subtracted from all test samples to provide the experimental value. The resulting values were substituted in the following equation: (experimental value 2 low control)/(high control 2 low control) 3 100.
In addition, we assessed the proportion of apoptotic target cells using the TACS Annexin V-FITC Apoptosis detection kit (R&D Systems).
HBV DNA quantitation
HBV replication was assessed by quantitation of viral nucleocapsidassociated HBV DNA (cytoplasmic) and HBV DNA from secreted viral particles (supernatant). Nucleocapsid-associated HBV DNA was extracted and quantified by TaqMan real-time PCR (ABI Prism 7700, Applera, Warrington, U.K.), as previously described (17) . Secreted HBV DNA was extracted using QIAamp DNA minikit (Qiagen, Sussex, U.K.) and also quantified by TaqMan. The sensitivity of the assay was verified in each run using a set of positive controls: serial dilutions of HBV DNA plasmid, as well as the EuroHep HBV DNA standard (18) . The range of detection was from 10
10 to 10 1 HBV DNA copies/ml with the plasmid and 10 8 to 10 2 copies/ml with the EuroHep standard.
Coculture of HLA-mismatched effector cells and 2.2.15 cells
We also evaluated the effect of HLA-mismatched, mitogen-activated lymphomononuclear cells on HBV DNA levels and target cell death. For this purpose, PBMCs from patients negative for HLA-A2 and with chronic hepatitis B were stimulated with 10 mg/ml PHA (Sigma-Aldrich). PHAstimulated PBMCs at two concentrations (2 3 10 5 and 1 3 10 6 ) were cocultured in direct contact and in parallel in indirect contact with target 2.2.15 cells for 48 h. The supernatant and the target cells were harvested at the end of the coculture period. The IFN-g level and target cell lysis were measured, and HBV DNA was quantitated.
Statistical methods
The differences among groups were evaluated using one-way ANOVA. Subsequently, the difference between two groups was calculated with the Tukey post hoc test only if ANOVA was statistically significant (p , 0.05). The Tukey post hoc test was also considered significant at p , 0.05. The correlation analysis between target cell death (i.e., cytotoxicity level) and HBV DNA levels in the supernatants was evaluated by the Pearson correlation coefficient.
Results
Characterization of HBc 18-27 -specific CD8 + T cells
The HBc 18-27 -specific CD8 + T cells cocultured with the 2.2.15 cells in the in vitro model were first characterized (Fig. 1) . The frequency of HBc [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] pentamer-positive and IFN-g-producing CD8
+ T cells was investigated. After stimulation with 2.2.15 cells or HBc [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] peptide, 65% and 30% of the CD8 + T cell line, respectively, produced IFN-g (Supplemental Fig. 1A ). Pentamer staining of the CD8 + T cell clone showed that 99% of the lymphocytes were HBc 18-27 positive (Supplemental Fig. 1B) , and .70% of the cells degranulated when activated with PMA/ionomycin and HBc [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] peptide (Supplemental Fig. 1C ).
Cytokine production
The CD8 + T cell line produced high levels of IFN-g in a time-and E: T ratio-dependent manner following the direct (p # 0.001) and indirect (p # 0.001, p # 0.05, and p # 0.005) coculture with 2.2.15 cells (Fig. 2A) . TNF-a was detectable in the culture supernatants from the direct system at an E:T ratio of 1:6 (p # 0.001), but was below the limit of detection (4.4 pg/ml) at E:T ratios of 1:300 or 1:60 as well as in the indirect system ( Fig. 2A) . The CD8 + T cell clone produced high levels of IFN-g and TNF-a in the direct and indirect systems; overall, the cytokine levels increased with the E:T ratio (Fig. 2B ). High levels of secreted FasL were detected in the direct system following contact with 2.2.15 cells, whereas lower levels were identified in the indirect system (Supplemental Fig. 2 ). IL-8 was produced constitutively by 2.2.15 cells, and increased with the number of CD8 + T cell clones in direct as well as indirect contact (Supplemental Fig. 2 ). IL-2 was undetectable, and the levels of IL-10, -5, and -6 were ,20 pg/ml (Supplemental Fig. 2 ). 
Cytotoxicity of target 2.2.15 cells
The degree of target 2.2.15 cell cytotoxicity was assessed after direct and indirect contact with the CD8 + T cell line. The type of culture (direct or indirect), the number of T cells, and the duration of cell culture had an impact on the degree of 2.2.15 cell cytotoxicity. A maximum of 30% (p # 0.005) cell death was reached after 24 h with an E:T ratio of 1:6 (Fig. 3A) . Despite an increase of cytotoxicity from 3 to 48 h with E:T ratios of 1:300 and 1:60 ratios, 30% of cell death was not reached, whereas in the indirect system, no cytotoxicity was observed at any E:T ratio (Fig. 3A) . The assessment of the percentage of apoptotic and necrotic 2.2.15 cells confirmed these observations (Fig. 3B) . During direct contact between the CD8 + T cell line and 2.2.15 cells at a ratio of 1:6 after a 24-h incubation, 11.6% of the target cells were in early-stage apoptosis, and 16.3% were in late-stage apoptosis and necrosis (Fig. 3B) (Fig. 3B) . Similar results were found with the CD8 + T cell clone (Fig. 3C ).
HBV replication levels during cocultures experiments
The effect on HBV replication was assessed by the quantification of nucleocapsid-associated HBV DNA (cytoplasmic HBV DNA) and HBV DNA levels in the culture supernatants (secreted HBV DNA). The changes in HBV DNA were expressed as the percentage of increase (positive values) or decrease (negative values) in cytoplasmic and secreted HBV DNA. Initially, the production of cytoplasmic HBV DNA by confluent 2.2.15 cells was monitored in the absence of T cells and showed a 3-fold increase over 48 h (Supplemental Fig. 3 ). Then the effect of the coculture between the CD8 + T cell line and 2.2.15 cells on HBV replication was studied. In the direct system, the level of HBV DNA was reduced with all three E:T ratios; the most significant decrease was with an E:T ratio of 1:6, with a reduction of 87% (p # 0.001) after 48 h compared with 2.2.15 cells cultured alone (Fig. 4A, Supplemental Fig. 4A ). In the indirect system, in which only the effect of cytokines on HBV DNA was studied, there was a profound reduction in the viral DNA levels with all E:T ratios; again, the greatest decrease (54.67% [p # 0.001]), occurred after 48 h with an E:T ratio of 1:6 compared with 2.2.15 cells cultured with a nonstimulated CD8 + T cell line (Fig. 4A, Supplemental Fig. 4A ). The kinetics of viral particle secretion in the 2.2.15 supernatants was also monitored in the absence of T cells, and it showed a log increase over 48 h (Supplemental Fig. 3 ). As observed with cytoplasmic HBV DNA, the interaction of the direct or indirect systems with the different E:T ratios influenced the secretion of HBV DNA. With the indirect system, a significant decrease of 23.7% (p # 0.05), 39.1% (p # 0.005), and 74.1% (p # 0.001) was observed with 1:300, 1:60, and 1:6 ratios, respectively, after 48 h (Fig. 4A, Supplemental Fig. 4B ). In the direct system, an E:T ratio of 1:60 induced an 82.3% (p # 0.005) decrease after 48 h. Surprisingly, with an E:T ratio of 1:6, secreted HBV DNA increased and reached 45% (p # 0.005) at 24 h and 96.6% (p # 0.005) at 48 h (Fig. 4A, Supplemental Fig. 4B ). This significant increase could be attributable to the release of viral DNA from the necrotic cells into the culture medium.
Cytoplasmic and supernatant HBV DNA were also quantitated after direct and indirect contact between the CD8 + T cell clone and 2.2.15 cells (Fig. 4B) . The results supported the findings obtained with the CD8 + T cell line. Cytoplasmic HBV DNA decreased significantly in the direct and indirect coculture systems, and the greatest effect was observed with the 1:6 ratio after 48 h (p # 0.001) (Fig. 4B) . The level of HBV DNA in the supernatants was also reduced in the indirect coculture system with the two E:T ratios (p # 0.005) (Fig. 4B) . However, as observed with the CD8 + T cell line, the direct contact between the CD8 + T cell clone and 2.2.15 cells at an E:T ratio of 1:6 induced killing of the target cells that could be responsible for the release of HBV DNA in the supernatant at 24 h (p # 0.005) and 48 h (p # 0.001) (Fig. 4B) . A strong correlation (r = 0.889; p = 0.003) between target cell death and the increase in the HBV DNA level in the coculture supernatant supports the notion that this was the case (Fig. 4C) .
Blocking experiments with Abs to IFN-g or TNF-a were performed to evaluate the effect of neutralizing the activity of these cytokines, which were produced by the CD8 + T cell clone in the direct and indirect systems with an E:T ratio of 1:6 (Fig. 4B) . Blocking of IFN-g, TNF-a, or both cytokines in the direct system inhibited the antiviral effect, because it decreased the reduction of cytoplasmic HBV DNA at 24 and 48 h. The nucleic acid was only reduced by 28% (p # 0.005), 28% (p # 0.001), and 14% (p # 0.005), respectively, at 48 h compared to the 70% reduction observed when the cytokines were not blocked. In the indirect system, at 48 h, blocking of IFN-g, TNF-a, or both cytokines induced only a 10% (p # 0.05), 14% (p # 0.05), and 4% (p # 0.005) reduction in cytoplasmic HBV DNA, respectively, compared with the 55% reduction observed when the cytokines were not blocked (Fig. 4B) . These experiments confirm that these two cytokines are key mediators for the inhibition of HBV, because their blocking induced less HBV DNA reduction. Similarly, the reduction of secreted HBV DNA was inhibited in the indirect system after blocking the activity of these cytokines (Fig. 4B) . In the indirect system, secreted HBV DNA, which was subject to a 77% reduction at 48 h in the presence of IFN-g and TNF-a, was only reduced by 27% (p # 0.05), 33% (p # 0.05), and 23% (p # 0.005), respectively, when IFN-g, TNF-a, or both cytokines were neutralized (Fig. 4B) . The killing of 2.2.15 cells by the CD8 + T cell clone in the direct system was not affected by the blocking of the cytokines, because high levels of HBV DNA were detected in the coculture supernatants (Fig. 4B) . The data allowed us to estimate that a smaller fraction of the HBV DNA reduction-14% of the inhibition-was due to cell killing, whereas .50% of the antiviral effect was mediated by IFN-g or TNF-a.
Effect of rIFN-g and rTNF-a on HBV replication
To further confirm that IFN-g and TNF-a are directly involved in CD8 + T cell antiviral activity against HBV, the target 2.2.15 cells were treated with rIFN-g and rTNF-a for 24 or 48 h (Fig. 5) . The concentrations of the two cytokines were within the range of the cytokine levels produced by stimulated CD8 + T cell line or clone. Cytoplasmic and secreted HBV DNA were reduced in the presence of the recombinant cytokines. In the presence of rIFN-g, the reduction in HBV DNA was concentration dependent. Compared with nontreated cells, the maximum decrease in secreted and cytoplasmic HBV DNA was 63% (p # 0.001) and 47% (p # 0.001), respectively, after 48 h of treatment with 3000 pg/ml rIFN-g (Fig.  5A) . Moreover, this reduction was within the range of the inhibition found with the CD8 + T cell line and clone. In the presence of rTNF-a, secreted and cytoplasmic HBV DNA were also significantly reduced (Fig. 5B) . The maximum inhibition of cytoplasmic and secreted HBV DNA was observed at 24 h: 60% (p # 0.005) and 66% (p # 0.005), respectively. Moreover, combining these two cytokines had an additive effect on secreted HBV DNA replication (Fig. 5C ). The noncytolytic activity of the cytokines was confirmed because there was no difference in the level of apoptosis and necrosis between cytokine-treated and nontreated 2.2.15 cells (Fig. 5D) .
Effect of activated, HLA-mismatched lymphocytes
The effect of mitogen-activated mononuclear cells on HBV replication was also studied (Fig. 6 ). For this purpose, 2 3 10 5 and 1.2 3 10 6 PBMCs from patients negative for HLA-A2 and with chronic hepatitis B were stimulated with PHA and cocultured in direct or indirect contact with 2.2.15 cells. In the direct coculture system, IFN-g levels increased with the number of PBMCs (p # 0.001). In the indirect system, the cytokine was not detectable with 2 3 10 5 PBMCs, but increased significantly with 1.2 3 10 6 PBMCs (p # 0.001) (Fig. 6A ). There was a significant difference in the target cell cytotoxicity levels between the two culture systems. Although the indirect system showed minimal cytotoxicity, in the direct system, on average, 30.5% and 90.5% of 2.2.15 cells were killed in the presence of 2 3 10 5 and 1.2 3 10 6 PBMCs, respectively (Fig. 6B ). Intracellular nucleocapsid-associated HBV DNAwas reduced in the presence of PHA-stimulated PBMCs in the direct and indirect systems, with a maximum of 40.5% (p # 0.001) and 50.9% (p # 0.05) reduction in the presence of 1.2 3 10 6 PBMCs (Fig. 6C) . The HBV DNA levels in the supernatants were reduced by an average of 20% (p # 0.05) for the two PBMC concentrations in the indirect system. In the direct system, secreted HBV DNA was reduced only with 2 3 10 5 PBMCs; HBV DNA significantly increased with 1.2 3 10 6 PBMCs (p # 0.005) (Fig. 6D ).
Discussion
The traditional concept has been that HBV clearance is a result of the destruction of HBV-infected hepatocytes. This is supported by clinical observations that patients developing alanine aminotransferase flares during acute HBV infection or during IFN-a treatment of chronic hepatitis B have a greater chance of resolving HBV infection, suggesting that cytolytic mechanisms are important for HBV clearance (19) (20) (21) (22) . However, studies using experimental models showed that the antiviral immunity to HBV involves cytokines that can directly inactivate viral replication without destroying the infected cells (10) (11) (12) (13) . This cytokine-mediated noncytolytic control of HBV was also shown to be effective in other viral infections (23) (24) (25) . The efficacy of IFN-g to induce noncytolytic inhibition of HBV replication without an increase in the alanine aminotransferase levels is also supported by studies using rIL-12 in the HBV transgenic mouse and in patients with chronic hepatitis B (26, 27) . However, the relative involvement of the cytolytic and noncytolytic effector functions of CD8 + T cells has not been investigated. The in vitro coculture model used in this study allowed us to investigate independently the cytolytic and noncytolytic functions of virus-specific CD8 + T cells that otherwise happen simultaneously and, furthermore, to dissect the roles of these two functions with human target cells supporting full HBV replication. Also, the use of an increased number of Ag-specific CD8 + T cells in direct contact with the HBV-producing hepatocytes allowed insight into the balance between these two effector functions. The CD8 + T cell line and the T cell clone used in this study were specific for HBc [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] , an HLA-A2-restricted human immunodominant epitope. The immune response to the HBV nucleocapsid Ag is known to be the key for control of HBV replication (15, 28) , and the HBc 18-27 epitope is being considered as an immunotherapeutic target (29) (30) (31) . In this study, using human effector and target cells, we demonstrated that although CD8 + T cells can kill infected cells, they also inactivate HBV by efficiently purging the virus from the infected cells, without inflicting cellular damage, which is primarily mediated by IFN-g and TNF-a production. When the CD8 + T cell line and clone were in direct contact with the target cells at an E:T ratio of 1:6, we observed .30% cell death and a 60-80% reduction in cytoplasmic HBV DNA. At the two lower E:T ratios, cell death was reduced to 10-15%, and cytoplasmic HBV DNA decreased from 30-60%, suggesting that cell killing and cytokine-mediated mechanisms were at play to inhibit HBV replication. In the indirect system, in which only the antiviral effect of cytokines secreted by the CD8 + T cell line and clone is operating, the cytoplasmic HBV DNA was reduced up to 50% with an E:T ratio of 1:6 and between 20-30% with the lower ratios, with no cytotoxicity. This suggests that the noncytolytic mechanisms are more efficient in inhibiting HBV replication compared with direct lytic mechanisms, which extends the observations in the HBV transgenic mouse model (10, 32) .
IFN-g and TNF-a were the two cytokines that were found to mediate CD8 + T cell antiviral activity in the HBV-transgenic mouse model and in experimental HBV infection of chimpanzees (24, 25, 33, 34) . We previously showed that IFN-g produced upon stimulation of CD4 + T cells with recombinant HBcAg could inhibit HBV transcription and replication without target cell lysis (35) . In the current study, high levels of these cytokines were produced by the CD8 + T cell line or the T cell clone after Agspecific stimulation in the two coculture systems. The involvement of the two cytokines in this antiviral control of HBV replication was clearly demonstrated through the abrogation of this control by inhibition of the cytokines with neutralizing Abs. Blocking each cytokine individually or together induced less reduction in the cytoplasmic and secreted HBV DNA in both culture systems and showed that .50% of the 70% of total inhibition observed in the direct system was mediated by IFN-g and TNF-a. Interestingly, IFN-g and TNF-a antiviral effects were synergistic. The 4% inhibition remaining after neutralization of both cytokines in the indirect system could be the result of suboptimal levels of IFN-g and TNF-a or other unidentified cytokines. This idea could be further supported by the fact that with an E:T ratio of 1:300, HBV DNA was reduced when IFN-g and TNF-a levels were below the limit of detection of the assay. The cytokine antiviral activity against HBV was further confirmed by treating 2.2.15 cells directly with the rIFN-g and rTNF-a. Although CD8 + T cells can induce cell death by apoptosis, several studies suggested that virus nonspecific inflammatory cells could be responsible for most of the damage in the liver (9, 36) . We investigated this in the current study using HLA-mismatched PBMCs stimulated with mitogen (PHA), which resulted in the killing of a high percentage of the target 2.2.15 cells. Moreover, the level of cytotoxicity induced by the HLA-mismatched activated lymphomononuclear cells was much higher than with the CD8 + T cells, providing, for the first time, direct evidence that most of the liver cell damage is caused by HBV-nonspecific inflammatory cells.
A higher level of cytotoxicity was expected in the experiments in which CD8 + T cells were freely moving and in direct contact with the target cells, all of which were producing HBV and, therefore, were potential targets for the cytotoxic CD8 + T cells. Instead, we observed that only a relatively small fraction of these target cells were lysed, leading us to hypothesize that a regulatory mechanism was at play that could control the balance between cytolytic and noncytolytic CD8 + T cell functions. Of possible importance in the maintenance of this balance is the "programmed death" (PD-1) pathway, which was recently identified as an immuno-inhibitory pathway belonging to the B7 family of immune regulators. The PD-1 pathway is involved in the development of T cell tolerance and has been implicated in the persistence of a variety of chronic viral infections, including lymphocytic choriomeningitis virus, HIV, HBV, and hepatitis C virus (37) (38) (39) (40) (41) (42) (43) (44) . There is already some evidence that blockade of the PD-1/programmed death ligand-1 synapse could alter the balance between cytolytic and noncytolytic CD8 + effector T cell functions, resulting in exacerbation of immune-mediated tissue damage in herpetic keratitis or in autoimmune enteritis (45, 46) . It is possible that the PD-1 pathway acts as a mechanism by which CD8 + T cells engage in cross-talk with the target cells to program their effector functions; the hypothesis that the PD-1 pathway may have a role in modulating the effector functions of virus-specific CD8 + T cells deserves to be investigated in future studies. Characterizing the mechanisms by which HBV-specific CD8 + T cell effector function commitment is modulated would be important in understanding the immunopathogenesis of HBV infection and the development of novel therapeutic strategies.
